The effect of pore size and porosity on elastic modulus, strength, cell attachment and cell proliferation was studied for Ti porous scaffolds manufactured via powder metallurgy and sintering. Porous scaffolds were prepared in two ranges of porosities so that their mechanical properties could mimic those of cortical and trabecular bone respectively.
Introduction
An optimum balance between mechanical properties and microstructure (i.e. porosity and pore size) must be achieved to ensure successful long-term implantation of load-bearing orthopaedic devices. Replicating the mechanical properties of bone is crucial to avoid: (i) 'stress shielding' that weakens the bone tissue near the implantation region, and (ii) a loosening effect from the lack of cell tissue integration derived from non-porous interfaces [1] .
The mechanical properties of human bone tissue depend strongly on anatomical location and bone tissue type (e.g. cortical or trabecular). Elastic modulus and compressive strength for cortical bone have been reported in the ranges of 7-20GPa, more typically , and 100-250MPa, more typically 180-210MPa, respectively [2] [3] [4] . The values for trabecular bone are 1.5-11.2GPa, more typically 2-5GPa, and 11-24MPa, respectively [5] [6] [7] [8] . Bone ingrowth requires that the bone graft microstructure is osteoconductive (i.e. it guides the bone ingrowth by providing the cells with a structure/scaffold that promotes cell adhesion and proliferation) and leads to osseointegration of the implant (i.e. the sequential cell differentiation and maturation to create cells within the scaffold) [9] . A vast body of literature has been published reporting optimum pore size range to support growth of cells in regenerative applications. For load-bearing bone grafting applications the pore size range has been established at 50-500m [10] . Some authors report that pores larger than 300m will promote vascularisation [11] [12] [13] , with cells spanning directly across pores smaller than 150m and occupying pores larger than 200m [14] . An optimum size cannot be concluded from the results as this value seems highly dependent on the conditions of the study (e.g. 25 and 200m had the most positive effect in a range 25-500m [15] , 325m when studying 85-325m [16] , 400m was preferred when the range studied was 75-900m [17] and 600m in a 300-1000m range [12] ).
Titanium is broadly used as a material for orthopaedic devices due to its good corrosion resistance and biocompatibility when implanted. Matching mechanical properties of the Ti implant to those of bone involves lowering the stiffness of the material almost an order of magnitude (i.e. from ~110GPa to ~20GPa [18] ). The stiffness of solid Ti can be lowered by introducing a porous structure which is also favourable for osteoconductivity and osseointegration. Techniques such as foaming, replica, rapid prototyping or sintering with space holders have been reported in literature [18] [19] [20] . The latter presents advantages that makes it a preferred method for the fabrication of controlled porosity scaffolds. These are easiness in handling Ti raw material, which is highly oxygen-reactive, lower-than-melting temperatures employed in its processing and a fine control on volumetric porosity that resembles that of natural structures such as bone, preferred in bioengineering substrates and without straight edges [21] . Shape holder materials such as ammonium hydrogen carbonate, urea, sodium fluoride and chloride, saccharose and PMMA have been used in the manufacture of porous materials to control porosity and pore size [20, [22] [23] [24] . Therefore the strength-to-weight ratio can be optimised to match the mechanical properties of bone and these cavities engineered to promote cell proliferation, which results in anchoring of the bone graft in place to minimise loosening in the mid-and long-term.
Once the mechanical properties of host tissue-implanted substrate have been matched, it has been demonstrated that subtle changes in pore size may have significant effects on cell adhesion and proliferation [16] . In this study the optimal pore microarchitecture (i.e. pore size and porosity) for scaffolds to be used in bone grafting for cortical and trabecular tissues is investigated. Porous scaffolds were manufactured in two ranges of porosities so that their mechanical properties could mimic those of cortical and trabecular bone. The mechanical properties (i.e. Young's modulus and compressive strength) were correlated to the relative porosity and regressions then established in a novel attempt to characterise the pore size distribution with existing porous models. Pore size ranges were engineered and studied for how they affect initial cell attachment and subsequent cell proliferation in a longitudinal study to 12 days.
Materials and Methods

Materials
Commercially available elemental Ti powder (Alfa Aesar, MA, 99.5% purity, ≤45µm, -325mesh) was used as the main matrix constituent and Ammonium carbonate (NH 4 HCO 3 ) (Fisher, 99% purity) was the space holder.
Porous scaffolds preparation
Ammonium carbonate particles were sieved (Retsch sieve shaker AS 400 control, Germany)
to four particle ranges as follows: 45-106m (referred as 'range 1' thereafter), 106-212m (range 2), 212-300m (range 3) and 300-500m (range 4). The Ti powder was mixed with the space holder. Given the particle size range of the ammonium carbonate, the powder to space holder volume ratio used was adjusted in order to contain two porosity ratios (nominally 55% and 70%). In this way porosity and pore size could be controlled independently. Ti specimens without space holder were also fabricated as control (i.e. nonporous, sintered samples). The green bodies were fabricated by uniaxially cold compacting (Atlas Autotouch Press 40, Specac UK) the Ti/space holder powder mixture at a pressure of 250MPa into cylindrical green compacts of diameter 14mm and height 8mm. These were subjected to a calcination process at 100°C dwelling for 10hr to sublimate the space holders that left voids behind. The sintering process followed in a furnace (Lenton Thermal Designs, UK) equipped with an EcoCube diaphragm pump (Pfeiffer, UK) that achieved a high vacuum (i.e. <2.10 -5 mbar). The specimens were heated at a rate of 5°C/min to 1200°C, allowed to dwell for 12hr and then cooled down to room temperature at the same rate. The samples were wet ground and polished using an incremental regime from 240-to 1200-grit silicon carbide cloth at 10min interval each and finally air dried.
Characterisation of the sintered porous scaffolds
The density of the porous scaffolds (ρ*), relative density (ρ*/ρ s ), total porosity (P, %vol) and open porosity (P o ) were calculated from the mass-to-volume ratio, the ratio between the density of the porous scaffold versus the density of the sintered, non-porous scaffold, the (1ρ*/ρ s ) relationship and the pore volume to total volume ratio, respectively. Pore volume was measured using the Archimedes' method in which the volume displaced by the scaffold corresponded to the matrix volume, and therefore, the closed porosity. Slices of the samples A1, A2, A3, A4 and B1, B2, B3, B4) were cleaned, informed by the cleaning protocol reported in [25] , to remove unwanted oil impurities and the outmost oxide layer. Specimens were first stirred in soapy hot water (2hr), soaked in bleach (2hr) and then oven treated (200°C for 1hr on each side) to remove contamination of a carbon nature. They were then ultrasonically cleaned while immersed in acetone for 1.5hr and finally stored in 2-isopropanol at 4°C for until further use. Prior to biological tests the samples were sterilized by autoclaving at 121°C for 1hr and thoroughly rinsed in deionised sterile water.
Culture media was prepared using MEM enriched with 10% fetal bovine serum (FBS), 1% Lglutamine, 1% non-essential amminoacids (Sigma, UK). Human bone osteosarcoma cell line 143B (ECACC no. 91112502) were defrosted and seeded in standard flasks. They were incubated in a 5% CO 2 atmosphere at 37°C in an incubator (Thermo Scientific Heracell TM 150, UK). Media was changed every 3 days for the entire duration of the experiment.
Cellular viability and proliferation
Specimens A1-4 and B1-4 were placed in 24 low-adherence multiwell plates (Corning Costar®, UK) and soaked in 1.5ml of the culture media for 2hr until cell seeding. Non-porous slices were used as control blanks. Cells (5,000 cells per well) were seeded onto each of the specimens and the control wells. Cells were let to attach for 2hr and culture wells were refilled with 2ml of enriched medium. Cell viability and morphology were tested at 3, 7, 12 days of incubation.
Presto Blue assay for cell viability
The Presto blue viability assay contains a cell permeable resazurin-based solution that functions as a cell viability indicator by using the reducing power of living cells to quantitatively measure their proliferation. This analogue allowed the quantification of initial attachment, spreading and proliferation rate of the 143B osteoblasts after 1, 3, 7 and 12 days of culture. At each time point an amount of 500µL of culture medium containing 50µL of the Presto blue reagent (Thermo Fisher Scientific, UK) was added into each well according to the manufacturer's protocol. The plate then was incubated at 37°C in humidified atmosphere for 90min. Fluorescence was measured using a spectrophotometer (Fluostar®, Omega, UK) at 560nm ex/590nm em. Fluorescence intensity values were converted and are expressed as the reduction percentage of the Presto blue reagent according to the manufacturer's protocol.
Toluidine Blue assay for cell staining
Toluidine blue, a basic thiazine metachromatic dye with high affinity for acid tissue components, was used to stain cell propagation after 12 days. Specimens were soaked with 0.02% w/v of Toluidine Blue in Phosphate Buffer (Sigma-Aldrich, UK) and store for 20min at room temperature. Samples were then gently washed to remove excess of Toluidine solution and purple-spotted surfaces photographed (Nikon S2500). 
Cell
Results
Structural and mechanical properties
Chemical analysis on the scaffolds yielded results presented in Table 1 . Inspection of the scaffolds surfaces ( Figure 1 ) allowed pore size distributions to be quantified and these are presented in Figure 2 . Linear, power and exponential regressions were applied to the Young's moduli, compressive strengths and volumetric porosity to confirm predictable characterisation of the scaffolds manufactured. The results are summarised in Table 3 . 
Biological properties
Cell viability results via the Presto blue assay are shown in Figure 5 and the proliferation rates at each time point are listed in Table 4 . Figure 5 : Effect of porosity and pore size on cell viability for scaffolds cultured for 1, 3, 7, 12 days These results show that after a slow start (i.e. day 3 data) the cells reached substantial growth towards the end of the study (i.e. day 12 data). Cell viability via %reduction of the fluorescence intensity was also studied at each time point independently ( Figure 6 ) and at each condition of porosity and pore size range (Figure 7) . The Young's modulus for the A1-4 range of porosity was in agreement with other titanium porous sintered scaffolds reported [36] and improved upon other Ti powder metallurgical specimens [37] obtained through the same manufacturing route. The values obtained for the B1-4 range of porosity can also be found in other Ti porous scaffolds with similar porosity and pore size features manufactured via 3D printing [38] , indicating the material properties become independent from the manufacturing method once a certain level of porosity is surpassed. The values obtained for compressive strength were also in agreement with other studies [36] . We obtained similar values of strength to [39] but a larger Young's modulus, and a similar Young's modulus to [40] but a larger value for the strength, confirming the suitability of the compaction and sintering method without oxidation ( Table 1 ).
The space-holder volumetric content remained constant while the pore size ranges varied.
This allowed the study of pore size independently from porosity. Relative values of Young's modulus and compressive strength were calculated as the ratio to the corresponding value of the sintered scaffolds with nil porosity (i.e. E*/E s or σ*/σ s ) to achieve a realistic correspondence, as already mentioned in other studies [36] .
A linear correlation between the relative Young's modulus (E*/Es) and the volume porosity which is applicable to most of this study's entire range (i.e. 30%<P<80%) and rendered an experimental value for y = 1.094 when the theoretical value was y=2-3v 0 =1 with Ti Poisson's ratio 0.33. Therefore, it can be concluded that the power and linear regressions best predicted the mechanical properties of the porous scaffolds when pore size and/or porosity are varied, and they can be used now as a design tool for the customisation of mechanical properties to match patient's needs.
The effect of pore size and porosity on osteosarcoma osteoblasts MB143B proliferation on the Ti scaffolds presented no significant differences until day 3, as confirmed by the low proliferation rates ( Figure 5 and Table 4 ), which suggests the number of cells remained It is generally understood that pore sizes and porosity strongly affect the total surface area in the microstructure and in this study these had an influence on cell attachment. Scaffolds of pore range 45-106m (groups A1, B1) accomplished larger growth rates in the time points 1 and 3 days when compared to scaffolds with larger pore ranges (A2-4, B2-4) (Figure 6a and b). They presented a statistically significant advantage for cell viability, which indicates scaffold retention of cells. This effect was independent of porosity ( Figure 7a and b) . In day 1 statistical difference disappears when comparing the rest of the samples to the control (Figure 6a ). No significant difference was observed in A1 and B1 compared to the control until day 3. A non-linear correlation between pore size and cell attachment was particularly obvious in the higher porosity ranges. Therefore, it was concluded that small pores that offer a large surface area are preferred for the attachment stage (i.e. in the early days). This is in agreement with other researchers: it has been hypothesised that the specific surface area determines a certain ligand density that affects the integrin-binding after initial seeding [16] .
However, when cell proliferation was dominant (days 7 and 12) the scaffolds with the smallest pore ranges (A1, B1) performed worse than those of slightly larger pore size (A2, B2) ( Figure 7c and d, Table 4 and supplementary material). At those time points larger pore size ranges (A2, B2 and B4) presented also the largest growth rate, which confirms that large pore size supports cell growth (Figure 6c and d) , in particular in the most porous set of samples (B4) (Figure 7c and d) . This is because there was a geometrical correlation between large pore sizes and less surface area available for the cells to attach to. A similar effect has been observed in other studies in which porous scaffolds of 400m presented enhanced levels of cell attachment for larger levels of porosity [17] . Scaffolds of pore size 212-300m (A3, B3) did not appear to promote cell growth beyond day 7, and in particular B3 yielded the worst performing results from the entire set (Figure 7 , bottom row). We hypothesised that high porosity levels and a pore range of 212-300m (B3) combines the least favourable conditions for cell growth when the seeding density is low, i.e. large pores across which the cells have to span and high porosity that scatters the cells, thus interfering with their static growth and potentially halting all proliferation (Figure 7c, 55%) . This result agrees with other studies carried out to 7 days of incubation [16] . Contrary to our results, other studies have shown that 100m is least and 200m is most favourable to cell proliferation on porous Ti scaffolds for other cell types (i.e. human osteoblastic cell line hFOB 1.19) [15] , meaning that the optimum microarchitecture could still be dependent on cell type or that there are other geometrical factors at play when the proliferation stage is commenced. On day 12 the behaviour of the scaffolds with the largest pore size and porosity (B4) rebounded and yielded the largest cell proliferation rate. Significant differences were found between A4 and B4 suggesting that larger porosities and large pore sizes play a critical role when cell proliferation is the dominant phase ( Figure 6, Figure 7 and supplementary material).
Toluidine blue assay qualitative results were in agreement with the fluorescence results in that spots were not detected on scaffolds with pore ranges 212-300m (A3) or 300-500m (A4) for the lower porosity range, indicating a low level of proliferation, or on 212-300m for the higher porosity scaffolds (B3) confirming the difficulty the cells experienced when spanning across that pore size. The blue hue on sample B4 confirmed the favourable conditions to cell proliferation for that microarchitecture.
SEM images corroborated the results obtained via the Presto and the Toluidine blue assays.
These images aided cell spreading analysis and also helped understand how attachment and growth progressed. Cells attached and proliferated on all samples but it can be observed that their strategy was different depending on the pore size range of the scaffold where they were seeded onto. The cells spread was denser on surfaces with smaller pore sizes (i.e. 45-212m) (Figure 9d-e ) and spanned across the gaps left by the pores (Figure   9f ). The cells were flat and presented cellular micro-extensions that confirmed cellular spreading and cell-cell communication through membrane contact amongst them. The cells growing on scaffolds with pore sizes larger than 300m grew into the cavities and these could be seen as heavily populated on day 12 of incubation (Figure 9g and i). Cells growing on porous scaffolds 200-300m also attached onto the surfaces, but the pores typically appeared not colonised as the cells had difficulty in bridging the gap across those pores ( Figure 9h ). This result is in agreement with other studies [41] which report sizes <212m
are preferred for predominant cell attachment and >300m for cell proliferation and ingrowth.
Conclusions
An optimum balance between mechanical properties (stiffness and strength) and microarchitecture (porosity and pore size) must be achieved to ensure long-term successful implantation. Titanium porous scaffolds were manufactured in two ranges of porosities so their mechanical properties could mimic those of cortical and trabecular bone. The spaceholder volumetric content remained constant while the pore size ranges were varied. This allowed a study of the Young's modulus and compressive strength as a function of porosity and pore size. Power law correlations best fitted the results so they are good predictors of mechanical properties in the Ti sintered metal powder. Young's moduli fitted well the ranges of both cortical and trabecular bone while the compressive strengths were 84% higher than the ranges reported for those types of bones. The open porosity ranges fitted well with those of cortical bone (5-13.5% vs 5%) but were lower for the trabecular ones (15-39% vs 60%+).
From a bioengineering viewpoint, the results from this study showed that scaffolds with the lowest pore range (45-106m) presented the largest number of cells attached in the early days (day 1 and 3) indicating this microarchitecture was the best advised for the early stages of attachment. However, cell proliferation rate in this pore range is slower than that on other larger pore sizes. Pore range >300m exhibited the most favourable conditions for cell proliferation, surpassing those on the control samples. The viability of scaffolds with pore size 212-300m was the poorest, indicating these scaffolds do not promote cell proliferation for osteosarcoma osteoblasts 143B due to the distance the cells had to span. This was most apparent in the larger porosity scaffolds, which suggests the static growth of the cells was inhibited when exposed to that microarchitecture. These results confirm that microarchitecture plays a key role in both early and subsequent stages for the attachment and growth of in vivo cells on porosity controlled Ti scaffolds. 
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